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The t h e w y  t h a t  a l g a l  oozes could give r i s e  t o  o i l  s h a l e s  is not  a 
recent  one. Evidence f o r  t h i s  theory rests on t h e  f ind ing  t h a t  algae 
have l e s s  c e l l u l o s e  and a correspondingly g r e a t e r  proportion of  l i p i d s  than 
most p l a n t  mazerial.  In  add i t ion ,  t h e  contemporary a lga  Botyrococcus is 
present  i n  m i c r o s c o ~ i c  remains i n  some organic oozes.4 Since t h e  a l g a l  
ooze precursor  theory r e s t s  pr imar i ly  on geological and paleobotanical  
evidence, we have sought t o  complement t h i s  evidence by making a s tudy 
of  t h e  cons t i tuen t s  of various genera of algae a t  t h e  molecular l e v e l  and 
comparing t h e 3  with t h e  organic cons t i tuen t s  i s o l a t e d  and i d e n t i f i e d  i n  
t h e  a l g a l  ooze from a Flor ida  lake.  
We have analyzed t h e  hydrocarbon const i tuents  of  four s p e c i e s  of 
a lgae:  t h e  blue-gr%ens, Nostoc and Anacystis, t h e  green a lgae ,  Spirogyra 
R 
and Chlore l la .  The genera l  e x t r a c t i o n  scheme is  out l ined below: 
* Unlike t h e  Nostoc, Anacystis and Chlore l la ,  which were cu l tu red  i n  
t h i s  l abora to ry ,  the  Spirogyra sample was co l l ec ted  from t h e  shallow water  of  
Mud Lake, F lo r ida ,  r insed  c lean  with l ake  water ,  and dr ied  over s e v e r a l  days 
and n igh t s  a t  room tezpera ture .  
25 grams algae ( e  . g. , Chlore l la)  
I Soxhlet ex t rac t ion ,  12 h r s ,  3 : 1 benzene-methanol 
evaporate t o  dryness 
1 + 
green res idue  (1.8 g) 
dissolve  i n  heptane (10 m l )  
re s!. due 
3 
soluble  mater ia l  
( f o r  f a t t y  a c i d  a n a l y s i s )  I * column chromatography with n e u t r a l  alumina 
combined gas chromatography- t------ 1. heptane e l u a t e  ( 8  mg) 
mass spectrometry ana lys i s  of 2. benzene e l u a t e  (16 mg) 
, a l i p h a t i c  hydrocarbons 3. methanol e l u a t e  (150 mg) 
Table I represen t s  t h e  weight of t o t a l  heptane e lua te  obtained as 
a percentage of t h e  dry c e l l  weight. 
A 1  gae 
Nostoc 
Anacystis 
Spirogyra 
Ch lo re l l a  
To ta l  Heptane Eluate 
0.035% 
0.032% 
0.004% 
0.032% 
The subsequent a n a l y s i s  o f  t h e  heptane e l u a t e  by combined c a p i l l a r y  
gas chromatography and m a s s  spectrometry revealed t h e  presence o f  a s e r i e s  
o f  normal hydrocarbons r ang ing  i n  carbon number from n-C15 t o  n-C20, wi th  
t h e  n-C17 hydrocarbon b e i n g  t h e  predominant member for each spec i e s .  In  
a d d i t i o n  t o  t h e  normal hydrocarbons, a monounsaturated C17 hydrocarbon 
w a s  i s o l a t e d  from C h l o r e l l a ,  and t h e  branched a lkanes ,  p r i s t a n e  and phy- 
t a n e ,  i s o l a t e d  from t h e  Spi rogyra  sample. The r e l a t i v e  abundance o f  t h e  
a l i p h a t i c  hydrocarbons are shown i n  Table 11. The heptane e l u a t e  from 
( i n s e r t  Table I1 h e r e )  
t h e  Nostoc sample e x h i b i t s  on ly  two major components: The n-C17 hydrocarbon 
and a branched C18 a lkane .  This  l a t t e r  component was i s o l a t e d  i n  pure form 
by p repa ra t ive  gas  chromatography and i ts  mass spectrum is  shown i n  Figure 1, 
It has  been impossib3e t o  a s s i g n  an unequivocal s t r u c t u r e  t o  t h i s  compound 
on t h e  b a s i s  of mass spec t rometry  alone. The mass spectrum sugges t s  t h a t  
i t  is not  r e l a t e d  t o  any o f  t h e  common hydrocarbon s t r u c t u r e s  t h a t  have 
been cha rac t e r i zed  i n  b i o l o g i c a l  sources and may have t h e  s t r u c t u r e  7,9- 
dimethylhexadecane. We are i n v e s t i g a t i n g  t h e  s t r u c t u r e  of  t h i s  compound 
i n  o r d e r  t o  e s t a b l i s h  it unequivocal ly.  
An analogous s tudy  o f  t h e  heptane e l u a t e  from b a c t e r i a  i n d i c a t e d  t h e  
presence o f  a s i m i l a r  s e r i e s  o f  hydrocarbons. The marked predominance o f  
t h e  n-C17 alkane i n  a l g a e  i s  l e s s  conspicuous i n  photosynthe t ic  b a c t e r i a  
and does not  occur  i n  nonphotosynthe t ic  b a c t e r i a  and yeas t .  Furthermore, 
t h e  h ighe r  molecular weight hydrocarbons (>  C20 )  c o n s t i t u t e  a s m a l l e r  f rac-  
t i o n  of t h e  t o t a l  heptane e l u a t e  o f  t h e  photosynthet ic  b a c t e r i a  t han  of  
t h e  nonphotosynthet ic  b a c t e r i a .  The r e l a t i v e  abundance of  t h e s e  hydrocarbons 
a r e  shown i n  Table 111. 
( i n s e r t  Table I11 here)  
TABLE I1 
HYDROCARBONS FROM ALGAE 
BLUE-GREEN ALGAE GREEN ALGAE 
Nostoc Anacyst is  Spirogyra C h  l o r e d l a  
P r i s t a n e  - - -- 22 
branched 
C18 19.4 0.44 
h i g h e r  MW 
hydrocarbons no no 
major com- 
ponent n-Cl7 n417 
less than  30% of -- 
t o t a l  hydrocarbons 
Peak h e i g h t s  a r e  r e l a t i v e  t o  n-C17 peak taken a s  100 
-- i n d i c a t e s  l e s s  t h a n  0.5 (n-C17 = 100 )  
TABLE I11 
HYDROCARBONS FROM BACTERIA AND YEAST 
PHOTOSYNTHETIC BACTERIA NONPHOTOSYNTHETIC BACTERIA 
Rhodopse udomonas Rhodosp i r i l lum Micrococcus E. c o l i  
s p h e r o i d e s  r~ rum L y s o d e i k t i c u s  (Aerobic B) 
(Anaerobic  B) 
" 4 1 5  
n-C16 
P r i s  t ane 
A 4 1 7  
" 4 1 7  
branched C18 
Phytane 
"-'18 
"-'19 
n-C2 0 
h i g h e r  MW 
hydrocarbons 
carbons  
43 
8.8 
l e s s  t h a n  5% 
o f  t o t a l  hydro- 
ca rbons  
ma j o r  component n-C17 
less t h a n  15% 
o f  t o t a l  hydro- 
ca rbons  
112 
9 5 
5 5 
- - 
100 
-- 
2 1  
5 8 
1 4  7 
5 3 
more t h a n  50% 
o f  t o t a l  hydro- 
ca rbons  
n-Cl9 
1 0  5 0 
37 6 0 
- - 
- - 
100 
-- 
- - 
700 5 00 
210 450 
200 1000 
more t h a n  60% more t h a n  60% 
o f  t o t a l  hydro-of t o t a l  hydro- 
c a r h o n s  ca rbons  
n'C18 nec20 
Peak h e i g h t s  a r e  r e l a t i v e  t o  n-C17 peak t a k e n  as 100 
--- i n d i c a t e s  l e s s  t h a n  0.5 (n-C17 = 1 0 0 )  
~ r a d l e ~ ~  has r e p o r t e d  t h e  f i n d i n g  of a l ake  i n  F lo r ida  producing an 
organic  ooze, predominantly a l g a l  i n  cha rac t e r ,  which he cons ide r s  t o  
r ep re sen t  t h e  modern analogue o f  t h e  precursors  of r i c h  o i l  s h a l e s ,  such 
a s  t h e  Green River  Shale .  This organic  ooze from Mud Lake, F l o r i d a ,  was 
analyzed f o r  t h e  a l i p h a t i c  hydrocarbon content .  A sample taken  a t  a depth 
o f  two f e e t  below t h e  mud-water i n t e r f a c e  showed a predominance of n- 
a lkanes  i n  t h e  h ighe r  molecular  weight region,  n-C20 t o  n-Cgg, p a r t i c u l a r -  
l y  t h e  n-C27, n-C29 a lkane  and n-Cgl alkane, i n  con t r a s t  t o  ou r  f ind ings  
from t h e  a lgae  and t h e  pho tosyn the t i c  bac t e r i a .  A c a p i l l a r y  gas chromato- 
gram o f  t h e  a l i p h a t i c  hydrocarbons from t h e  Mud Lake sample is  shown i n  
Figure 2. I n  a d d i t i o n  t o  t h e  a l i p h a t i c  hydrocarbons, we have a l s o  char- 
a c t e r i z e d  t h e  ca ro t eno ids ,  6-carotene and xanthophyll ,  a s  t h e  dominant 
pigment c o n s t i t u e n t s  o f  t h e  Mud Lake e x t r a c t .  The i d e n t i f i c a t i o n  of 
perhydro-6-carotene , 6 the  f u l l y  s a t u r a t e d  analogue o f  B-carotene , 
i n  t h e  Green River  Formation lends  credence t o  t h e  theory  t h a t  t h e  Mud 
Lake depos i t s  may indeed be modern counterpar t s  of r i c h  o i l  s h a l e s ,  such 
a s  t h e  Green River  Formation, b u t  a t  t h e  post-Pleis tocene pe r iod  ( t h e  age 
o f  t h e  Mud Lake sediment)  t h e  t ransformat ion  of t h e  chemical c o n s t i t u e n t s  
has not  taken  p l ace  t o  any s i g n i f i c a n t  ex t en t .  
S tud ie s  c a r r i e d  o u t  by o t h e r  research  groups 7,8,9 have shown t h e  pre- 
t 
dominance o f  both n-C15 and n-C17 hydrocarbons i n  ben th i c  a lgae .  Oro 's  
study1' on t h e  a l i p h a t i c  hydrocarbons i n  marine and freshwater  microorgan- 
isms has  a l s o  shown t h e  predominance of t h e  n-Cl7 i n  t h e  f r e shwa te r  blue-  
green a l g a ,  Anacystis n idulans .  The f ind ings  from our  s t u d i e s  on both  t h e  
blue-green a l g a e  and t h e  green a lgae  i n d i c a t e  t h a t  t h e  n-C17 hydrocarbon 
is a major c o n s t i t u e n t  of t h e s e  a lgae  also.  The normal hydrocarbons o f  t h e  
r i c h  o i l  sha le  from t h e  Green River Formation exh ib i t  a bimodal p a t t e r n  
w i t h  a maximum a t  n-C17 and a t  X I - C ~ ~ ,  and are  fu r the r  charac ter ized  by 
a predominance o f  the  odd-numbered hydrocarbons over t h e  even-numbered 
hydrocarbons. The occurrence of  t h e  n-C17 alkane i n  t h e  Green River o i l  
Shale is  c o n s i s t e n t  with t h e  theory t h a t  algae,  i n  p a r t ,  give r i s e  t o  
-- 
t h e  organic ma te r i a l  of r i c h  o i l  sha le .  Although t h e  Florida Mud Lake ooze 
a t  t h e  mud-water i n t e r f a c e  and below f o r  about s i x  inches cons i s t s  wholly 
of  minute f e c a l  p e l l e t s ,  which a r e  made up exclusively of blue-green a lgae ,  
the re  is no evidence f o r  t h e  n-C17 alkane being present  as  a major cons t i -  
tuen t  of  t h e  Mud Lake sediment. The t o t a l  heptane ex t rac t  from t h i s  sedi -  
ment e x h i b i t s  a normal alkane d i s t r i b u t i o n  c h a r a c t e r i s t i c  of a recent  sedi -  
ment. l 2  The absence of  t h e  n-C17 alkane from t h i s  predominantly a l g a l  
ooze remains unexplicable,  unless  it is a pa r t i cu la r ly  s u i t a b l e  s u b s t r a t e  
f o r  c e r t a i n  nonphotosynthetic b a c t e r i a  which might convert it i n t o  hydro- 
carbons i n  t h e  h igher  molecular weight region. 
A s tudy o f  the  f a t t y  =id  content o f t h e  same group of organisms 
(c f .  Table I1 and Table 111) has a l s o  been ca r r i ed  out via conversion t o  
t h e  methyl e s t e r s .  The d i s t r i b u t i o n ,  a s  s o  f a r  determined, ind ica tes  t h a t  
t h e  f a t t y  ac ids  o f  a l l  t h e  organism groups have t h e i r  dominant molecules 
-
among t h e  lower molecular weights (C16-C18), and, therefore ,  a re  not  l i k e l y  
precursors f o r  t h e  heav ie r  hydrocarbons which dominate the  Mud Lake sed i -  
ment. In f a c t ,  it would seem t h a t  they a r e  not  even precursors f o r  t h e  
l i g h t e r  group of  hydrocarbons e i t h e r  by decarboxylation o r  reduct ion ,  a 
conclusion a l ready h in ted  a t  by o thers .  ,lo On the o the r  hand, Robinson 14 
has ind ica ted  t h a t  lower molecular weight f a t t y  ac ids  may be precursors  of 
t h e  higher molecular weight alkanes. 
The occurrence o f  h i g h e r  molecular weight hydrocarbons i n  t h e  Mud 
Lake sediment might i n d i c a t e  a con t r ibu t ion  from h ighe r  p l a n t  ma te r i a l .  
There is very l i t t l e  evidence,  however, f o r  t h e  theory  t h a t  h ighe r  p l a n t s  
con t r ibu ted  s i g n i f i c a n t l y  t o  t h e  hydrocarbons of e i t h e r  t h e  Green River  o i l  
Sha le  o r  of t h e  Mud Lake sediment. On t h e  o t h e r  hand, p o l l e n  and spo res  
are found i n  abundance i n  t h e  Green River Qil Shale  b u t  no t  ex t ens ive ly  
i n  t h e  Mud Lake sediment.  A p re l iminary  a n a l y s i s  i n  t h i s  l abo ra to ry  
i n d i c a t e s  t h e  presence o f  n-C2g and n-C25 hydrocarbons a s  t h e  major cons t i -  
15 
t u e n t s  of Ponderosa p ine  pol len .  Nilsson e t  a l .  have analyzed t h e  con- 
--
s t i t u e n t s  of  p o l l e n  and have i d e n t i f i e d  long-chain hydrocarbons, i nc lud ing  
t h e  n-C25, n-C27 and n-C2g a lkanes .  It i s  poss ib l e  t h a t  wind-blown po l l en  
con t r ibu ted  s i g n i f i c a n t l y  t o  t h e  hydrocarbons of h ighe r  molecular  weight 
i n  t h e s e  sediments.  We a r e  a t  present  i n v e s t i g a t i n g  t h i s  p o s s i b i l i t y .  
This  work was suppor ted ,  i n  p a r t ,  by t h e  Nat ioanl  Aeronaut ics  and 
Space Adminis t ra t ion ,  Grant N s G  101-61, and, i n  p a r t ,  by t h e  U.S. Atomic 
Energy Commission. 
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FIGURE CAPTIONS 
Figure 1 Mass spectrum of  branched C18 alkane from Nostoc 
Figure 2 Gas chromatograph o f  a l i p h a t i c  hydrocarbons from 
Mud Lake a l g a l  ooze 
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Fig.  2 
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